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Abstract 
 
The soda process was the first chemical pulping method and was 
patented in 1845.  Soda pulping led to kraft pulping, which involves the 
combined use of sodium hydroxide and sodium sulfide.  Today, kraft 
pulping dominates the chemical pulping industry.  However, about 10% 
of the total chemical pulp produced in the world is made using non-wood 
material, such as bagasse and wheat straw.  The soda process is the 
preferred method of chemical pulping of non-wood materials, because it 
is considered to be economically viable on a small scale and for bagasse 
is compatible with sugarcane processing.  With recent developments, the 
soda process can be designed to produce minimal effluent discharge and 
the fouling of evaporators by silica precipitation.  
 
The aim of this work is to produce bagasse fibres suitable for 
papermaking and allied applications and to produce sulfur-free lignin for 
use in specialty applications.  A preliminary economic analysis of the 
soda process for producing commodity silica, lignin and pulp for 
papermaking is presented. 
 
Introduction 
 
At the present time, bagasse is used as a low value product that is burned for its energy 
value.  To increase the income stream of the Australian sugar industry, bagasse should be 
used to produce higher value products.  For bagasse (or other biomass) to be a suitable 
feedstock for the manufacture of paper and other industrial products, it has to be fractionated 
into its components: cellulose, hemicellulose and lignin. 
In the recent past, bagasse pulping projects have been evaluated by CSR Limited, 
Mackay Sugar Co-operative Assocation Limited and Bundaberg Sugar Limited.  These 
projects have mainly involved the kraft process, which has very high capital costs associated 
with its chemical recovery process and is not economical on a small scale associated with the 
available bagasse feedstock from sugar mills.  Alternative fractionation processes with lower 
capital costs need to be examined in more detail if the Australian sugar industry is to increase 
income through bagasse utilisation. 
One such alternative that the Sugar Research Institute, Mackay, examined was 
organosolv (organic solvation) pulping of bagasse using technology supplied by Ecopulp 
(Lavarack et al., 2005).  In the process bagasse is reacted with aqueous ethanol in a digester at 
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elevated temperatures (between 150°C and 200°C).  The ethanol can be recovered in a 
distillation column, removing the need for an expensive chemical recovery process.  It was 
found that the pulp produced by this process did not have very good strength properties and 
the amount of lignin remaining in the pulp was high.  However, in spite of the high lignin 
content, it was possible to bleach the pulp to acceptable levels of brightness.  Further 
evaluation of the Ecopulp process is required before it can be recommended to the Australian 
sugar industry. 
Another alternative fractionation process is the soda process. The soda process was the 
first chemical pulping method and was patented in 1845.  The soda process involves heating 
the fibrous material in a pressurised reactor to 140-170°C in the presence of 13-16% sodium 
hydroxide (i.e. soda), also known as cooking liquor.  The ratio of liquid to dry fibre is 
typically 5:1.  In the process, lignin separating from the cellulose, and is suspended in the 
liquid phase.  The liquid phase, called black liquor due to the presence of lignin, is separated 
from the solid phase containing liberated cellulose, which is called pulp.  Pulp is then further 
processed to manufacture, paper, boards, composite materials, certain polymers and so on.  
The black liquor contains lignin and sodium hydroxide (soda) is usually further processed in 
order to recover the soda for reuse in the process. 
Soda pulping led to kraft pulping, which involves the combined use of sodium 
hydroxide and sodium sulfide.  Kraft pulping dominates the chemical pulping industry. 
However, about 10% of the total chemical pulp produced in the world is made using non-
wood material as the raw material, such as bagasse and, most commonly, straw (Gea et al., 
2004).  Soda pulping is now becoming the predominant method for chemical pulping of non-
wood materials.  This is mainly due to the development of both low cost chemical recovery 
methods and effective effluent treatment technologies.  In the past few years, existing soda 
pulp mills in China and India are installing these technologies in order to maximise their 
profits and meet the ever increasingly stringent environmental legislation for effluent 
discharge. Also, soda pulping has the advantage that sulfur free lignin and possibly silicic acid 
gel can be obtained which can be used in specialty applications further increasing the revenue 
for the pulp mill.   
This project is a preliminary investigation into soda pulping of Australian bagasse. 
Delignification processes 
The three main components of bagasse are cellulose, hemicellulose and lignin.  Apart 
from lignin being an important participant in the physiology of plants, it plays a key role in 
most reactions taking place in chemical pulping and bleaching, and other chemical reactions 
in which the plant material is subjected. 
It is an accepted view that lignin is more or less completely composed of 
phenylpropane (i.e., C9) repeat units (Figure 1), which are linked to each other by ether and 
carbon-carbon bonds. 
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Fig. 1 - A phenylpropane, or C9 units 
 
Woody materials, such as bagasse, synthesise lignin from trans-p-coumaryl alcohol, 
trans-coniferyl alcohol, and trans-sinapyl alcohol (Figure 2) by free radical crosslinking 
initiated by enzymatic dehydrogenation.  Parts of the phenylpropane units containing the 
aromatic ring (marked in Figure 2) and the aromatic substituents are called p-hydroxyphenyl 
(H), guaiacyl (G), and syringyl (S), respectively. 
 
Fig. 2 - The lignin precursors (i.e., olignols) 
Each class of plants, grasses, softwoods, and hardwoods produces a lignin rich in one 
type of the phenylpropane repeat unit.  Sugarcane bagasse lignin is a grass lignin and has a 
higher proportion of p-hydroxyphenyl lignin groups and lower methoxy content (i.e., vacant 
ortho and para sites on the aromatic groups) than softwood in particular, and also hardwood.  
The presence of p-hydroxyphenol units in bagasse lignins makes them more reactive for 
preparing lignin based polymers than hardwood and softwood lignins. 
Chemistry of delignification 
The key process that occurs in biomass fractionation is delignification.  The processes 
used to delignify biomass (including bagasse) are: 
 alkali; 
 sulfite; 
 enzymatic; 
 acid; 
 steam explosion; and 
 supercritical fluid extraction. 
The effectiveness of delignification by chemical processes is based on their ability to 
progressively break down and modify the lignin macromolecule until the resulting molecular 
fragments become small enough to dissolve in the solvent. 
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The majority of delignification processes (apart from semichemical and enzymatic 
processes) occur by either acid or alkali mechanisms.  The cleavage of ether bonds in the 
lignin structure is a key delignification reaction.   Studies on model compounds have shown 
that alpha (α) aryl linkages are more easily split than beta (β) aryl linkages, especially when 
they occur in a lignin structural unit containing a free phenolic hydroxyl group in the para 
position (McDonough, 1993).  In this case, the formation of a quinone methide intermediate is 
possible.  Otherwise, a nucleophilic substitution reaction occurs at the benzylic position by an 
SN2 mechanism.  
At acid and neutral pH, α aryl ether bonds (α-O-4 in Figure 3) break.  Some 
delignification of wood or bagasse will occur by heating in water due to the cleavage of the α 
ether bonds (–O-4).  The significance of β bond cleavage grows with decreasing pH and is 
more important in hardwood than softwood pulping.  Under acidic conditions, the ether bonds 
between lignin and carbohydrates are also easy to break. 
 
Fig. 3 - Bonds in phenylpropane unit of lignin 
At alkaline pH, α aryl ether bonds break only in those phenylpropane units containing 
free phenolic hydroxyl groups.  Etherified phenol groups cannot undergo conversion to 
quinone methides.  This means that the α bond cannot be broken.  β aryl ether bonds can be 
broken under alkaline conditions whether the phenylhydroxyl groups are free or etherified. 
Delignification can be promoted using nucleophilic additives such as hydrosulfide (for 
sulfonation) and anthraquinone, AQ (for oxidation).  These nucleophiles introduce to the 
lignin molecule substituents such as sulfonate, carbonyl, carboxyl, and hydroxyl groups that 
render the lignin more soluble. 
Lignin undergoes condensation reactions under acidic and alkaline conditions.  
Condensation reactions such as the formation of carbon-carbon bonds and intermolecular 
condensation are counterproductive processes for delignification. This is particularly so for 
carbon-carbon bonds, since few pathways are available for breaking such bonds. 
Lignin and polysaccharides react differently in various delignification processes, 
affecting their selectivity.  Hemicelluloses are attacked more readily than cellulose due to 
their amorphous state and lower degree of polymerisation.  For autohydrolysis, an important 
reaction is the cleavage of acetic acid from e.g., bagasse xylan at high temperature.  This free 
acetic acid initiates the acid hydrolysis of lignin. 
Soda fractionation of bagasse 
Soda (and kraft) pulping result in excessive carbohydrate dissolution and degradation.  
This impacts on the pulp yield and the viscosity of the black liquor produced after 
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delignification.  It has been shown that AQ can stabilise carbohydrates against alkaline 
degradation by slowing down peeling reactions (Gullichsen and Fogelholm, 2000).  The mode 
of action of AQ is shown in Figure 4.  AQ reacts with reducing end groups of carbohydrates, 
stabilising them against alkaline peeling and producing the reduced anthrahydroquinone 
(AHQ) which is alkali soluble. AHQ reduces lignin, which becomes more reactive; AQ is 
formed again and reacts with carbohydrates.  The redox mechanism is semicatalytic, so only 
small amounts need to be used.  The use of AQ also accelerates delignification. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 - The oxidation and reduction cycle of anthraquinone (Gullichsen and 
Fogelholm, 2000) 
Another option to enhance soda delignification process is to use molecular oxygen.  
Mohta et al. (1998) have shown that oxygen delignification attacks carbohydrates and lignin.  
However, there are mass transfer problems associated with getting oxygen to the reaction site 
within the fibre wall.  Transition metal ions present in the lignocellulosic material reduce the 
selectivity of oxygen.  To improve oxygen selectivity and reduce carbohydrate degradation, 
Mohta et al. (1998) used acid to wash bagasse prior to cooking and added small amounts of 
magnesium ions (0.05-0.1%).  The acid wash removed the metal ions, while the magnesium 
ions inhibited carbohydrate degradation.  
This preliminary investigation into soda pulping of Australian bagasse undertaken by 
SRI uses the AQ option because of its simplicity and because it is widely accepted as an 
economic way to enhance delignification of biomass. 
Desilication and soda recovery 
When processing wood using the soda process, process economics dictates that the 
recovery of pulping chemicals from black liquor, which contains lignin and caustic soda, 
should occur by consecutive treatments through evaporation, combustion and causticisation 
steps.  Evaporators are used to concentrate the lignin in the black liquor from 10% to 65% 
solids.  The lignin in the thick black liquor is combusted for its energy value and generates 
sodium oxide flyash.  The soda is then recovered in the causticisation step by dissolving the 
sodium flyash (i.e. sodium oxide) in water and reacting it with calcium carbonate.  Calcium 
oxide is a waste product from the causticisation step. 
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These operations are very efficient while processing black liquor from pulping of 
softwood chips.  However, with non-wood plant materials like bamboo, bagasse and straws, 
the presence of silicate ions causes serious problems when recovering the salt (e.g. sodium 
carbonate) and energy from the black liquor.  The main problems are: 
 Scaling on the heat transfer surfaces in the evaporator in which the black liquor is 
concentrated; 
 High viscosity of the concentrated liquor, which impedes both evaporation and 
combustion of liquor; and 
 Problems in causticisation i.e., in converting sodium carbonate to sodium hydroxide. 
In previous desilication attempts, reviewed e.g. by Myreen, (1998), carbon dioxide in 
the flue gas has been used to reduce the pH of the black liquor.  Because of fear of decreased 
calorific value of the desilicated black liquor due to co-precipitation of organic matter, the pH 
drop was limited to a pH window, where silica was supposed to precipitate without significant 
precipitation of organic substance.  It has been found by Myreen (1998) that working at such a 
pH window did not cause desilication.   
Myreen (2001) invented a process for recovering alkali and heat from black liquor 
containing silicate from a soda cook of grass, reed, straw and bagasse.  The technology 
involves the following steps: 
 Black liquor is saturated with pure carbon dioxide to precipitate (i) silica; then 
(ii) lignin at lower pH; 
 The precipitate is separated from the black liquor, which is evaporated and burnt to 
generate heat and to recover a sodium carbonate melt.  An efficient variable-chamber 
filter press is used for solid-liquid separation; and 
 The combustion of the black liquor is performed with pure oxygen gas or oxygen-
enriched air. 
Tutus and Eroglu (2003) described how the addition of 1-3% of a metal oxide (e.g., 
CaO, MgO or Al2O3) to a soda-oxygen cook resulted in the precipitation of silica onto the 
pulp instead of remaining in the cooking liquor.  Up to 96.5% of silica was found to have 
precipitated in the pulp when Al2O3 was used.  For the SRI project, 3% of Al2O3 was added to 
the high temperature soda cook. 
Although conventional soda recovery requires evaporators and a recovery furnace, low 
cost alternatives are becoming more readily available in recent years.  Currently, the most 
popular low cost avenues of recovering soda from a black liquor stream are Wet Air 
Oxidation (WAO), and combustion in a fluidised bed (e.g. Direct Alkali Recovery System or 
DARS).  Both WAO and DARS are used to recover soda from non-wood pulp mills.  These 
technologies will become commonplace in bagasse pulp mills as countries such as India 
improve their environmental legislation. 
The WAO process operates at 320-325 ºC in the presence of air (Maddern, 1980).  It 
was used in Burnie Pulp Mill, Tasmania, from 1967 until it was replaced by DARS in the 
early 1980s.  However, Granit, in Switzerland, has further developed the WAO process and 
has the technology in operation in India.  Several Indian bagasse pulp mills still use fluidised 
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beds to recover spent caustic.  At the present time, both WAO and DARS have not been tested 
on black liquors obtained from Australian bagasse by the soda AQ process. 
Methodology 
The research plan was as follows: 
 Conduct bagasse delignification using soda AQ at 95oC and at atmospheric pressure.  
 Conduct bagasse delignification using soda AQ at 140oC and at ~800 kPa in the 
presence of 3% Al2O3. 
 Determine the pulp and lignin yields as well as the pulp kappa number (lignin content 
measure). 
 Conduct a preliminary economic analysis of the soda AQ process. 
Bagasse samples were collected from Racecourse Mill, Mackay and the delignification 
experiments were carried out with the SRI 18.5 L Parr reactor. 
Lignin was recovered from the black liquor by acid precipitation.  The filtrate was 
analysed for silica using atomic absorption spectrophotometry (AAS). 
The effectiveness of the delignification processes was assessed from the pulp and 
lignin yields, and the pulp kappa number.  The kappa number is an indication of the amount 
of residual lignin in the pulp.  The kappa numbers of the delignified bagasse samples were 
determined by standard TAPPI method (Anon., 1985) commonly used in the pulp industry.  
The residual lignin content in the pulp was also determined using the NREL method (Anon., 
1995).  The NREL method is routinely used to determine the lignin content of biomass 
irrespective of its form. 
Results  
The bagasse used in this investigation had an ash content of 7.2% dry weight and a 
moisture content of 28.8%.  The bagasse was not depithed since the focus of the project was 
to establish the extent of delignification that could be achieved.  It would have been necessary 
to depith the bagasse if the pulp was to be tested for paper making since suitable drainage 
properties of pulp are desired.  
The experimental conditions used for bagasse delignification are given in Table 1.  
Soda delignification I was pulped at 95
o
C and at atmospheric pressure, while Soda 
delignification II was pulped at 140
o
C and at ~800 kPa.  A small amount of AQ (0.1% dry 
weight) was used in each cook. 
In all tests, a liquor to fibre ratio of 10: 1 was used in order achieve adequate wetting 
of the bagasse. 
Aluminium oxide (3% dry weight) was added in Soda delignification II. 
While the pH of the liquor before and after Soda delignification I did not change, the 
pH of the liquor after cook dropped by 0.3 units for Soda delignification II. 
The pulp yields reported in Table 1 are for unscreened pulp, as the bagasse used in the 
trials was not depithed.  The pulp yield in Soda delignification II of 56.4% is consistent with 
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the findings of Giertz and Varma (1979).  They found that the unscreened bagasse pulp yield 
produced using the soda process was around 58-60% when pulped using only 14% NaOH.  
Normally, increasing the NaOH concentration from 14% to 25% would decrease the pulp 
yield to < 50% as more carbohydrate and lignin would be removed.  However, the addition of 
AQ in Soda delignification II reduced carbohydrate degradation increased the pulp yield from 
less than 50% to 56.4%.  Giertz and Varma (1979) also found that the unscreened pulp yield 
using the kraft process was very similar, with a value of around 59%. 
Both tests, Soda delignification I and Soda delignification II, gave good kappa 
numbers.  The values obtained at such moderate cooking conditions are attributed to the 
combined use of alkali and AQ.   
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Table 1 - Delignification of bagasse 
 
Soda 
delignification I 
Soda 
delignification II 
Temperature (
o
C) 95 140 
Pressure (kPa) 101 800 
Cook time (mins)  90 90 
Liquor : fibre  10:  1  10 : 1 
Feed bagasse (g) 1000 1000 
Fibre (g) 711.8 711.8 
Water in bagasse (g) 288 288 
Water added (g) 6830 6830 
Total water (g) 7118 7118 
NaOH (g) 178 178 
NaOH (% dry wt) 25 25 
Anthraquinone (% dry wt) 0.1 0.1 
Aluminium oxide (% dry wt)   3.0 
pH bagasse & liquor 12.7 13.0 
pH black liquor 12.7 12.7 
Pulp yield (g) 407.3 401.5 
Pulp yield (%) 57.2 56.4 
Kappa no 32 11 
% Acid soluble lignin (dry wt.) 1.6 1.1 
% Acid insoluble lignin (dry 
wt.) 6.9 3.0 
%Total lignin (dry wt.) 8.5 4.1 
Lignin from liquor (g) 122.6 143.6 
Silica in filtrate (g) 3.5 5.5 
 
The kappa number achieved in Soda delignification II is 11, which is lower than the 
value of 15-20 obtained by Giertz and Varma (1979).  In contrast, the kappa number achieved 
using the Ecopulp process was considerably higher, typically 69.5 to 81.8, although 30.6 was 
achieved with heavily degraded bagasse (Lavarack et al., 2005). 
The yield of crude lignin recovered were between 17% and 20% based on the original 
weight of dry fibre.  The yield of crude lignin recovered using the Ecopulp process was 
between 11% and 15% (Lavarack et al., 2005).  This implies that the soda AQ process is a 
more effective delignification process.   
Although the kraft process gives comparative lignin yields to the soda process (Giertz 
and Varma, 1979), the lignin contains sulfur and cannot be used to produce high value lignin-
based products. 
The use of Al2O3 does not appear to have reduced the amount of silica in the black 
liquor in these experiments. 
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Economics 
The suggested process for a full scale chemical pulping plant is as follows:  
 Use soda AQ cooking chemicals to produce about 200 to 500 tonnes of pulp per day;  
 Supply pulp to an integrated paper mill (removing the need for a pulp dryer);  
 Recover silica using flue gas and potentially recovering lignin using conventional 
precipitation processes;  
 Use WAO or DARS to treat the liquor and recover the soda; and 
 Stockpile bagasse.  This is necessary as a pulp mill would normally operate for the full 
year and storage improves the drainage properties of the pulp.   
Approximately 400 tonnes per day of dry depithed bagasse is required for a 200 tonne 
per day pulp mill.  Due to the ability of the soda AQ process to achieve a high quality pulp 
with low kappa numbers, a relatively high pulp price can be achieved.  Figure 5 shows the 
internal rate of return (IRR) for various mill capacities at increasing pulp price.  The proposed 
process has a 10 year IRR of around 15% when the pulp market price is A$750 per tonne.  
This price is discounted from the standard hardwood bleached kraft price (ca. US$750 per 
tonne

).  However, the IRR improves to 28% for a 500 tonnes per day pulp mill.  It should be 
noted that the calculated IRRs are for production of pulp only.  The revenue for the pulp mill 
can be increased by selling silicic acid gel ($200 per tonne), and lignin (~$1400 per tonne).   
 
Fig. 5 – Economics of a bagasse pulp mill producing only pulp for papermaking. 
In fact, a small pulp mill, costing A$24 million, producing 20 tonnes of pulp per day, 
4 tonnes of lignin per day and 0.5 tonnes of silicic acid gel can achieve an IRR of 27%. 
 
 
 
                                               
 Since this project, the price of hardwood (eucalypt) kraft pulp has decreased to US$635 (A$846) per tonne.  
A$750 per tonne still represents a discount to hardwood kraft pulp. 
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Recommendations 
Soda AQ pulping can produce a range of products, including pulp for papermaking, 
silica gel and lignin.  Figure 6 shows a simplified flow diagram of the suggested process.  The 
depithed bagasse enters a digester.  The pulp is separated from the black liquors in the 
digester for use in a paper mill.  The black liquor is contacted with flue gas (containing CO2) 
to precipitate silica gel.  Lignin is then precipitated and the yellow liquor produced can be 
treated to recover caustic soda using either WAO or DARS technology. 
 
 
Fig. 6 – Suggested flow diagram for soda pulping of bagasse 
 
Further research is required to validate the process including: 
 Laboratory trials to: determine the physical properties of soda AQ pulp made from 
Australian bagasse; determine the extent of liquor desilication achievable with 
carbonatation; and to evaluate WAO and DARS technology for processing bagasse 
yellow liquors; 
 Determine the suitability of each sugar district for chemical pulping of bagasse using 
this process in terms of water availability, infrastructure, freight costs and alternative 
energy supplies (refer Covey et al., 2006, also presented at this conference).  
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dry tonnes per 
day 
Digester 
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